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Introduction
In the modern internal combustion engine, diesel or gasoline is directly injected into the combustion chamber. The liquid fuel is injected through a hole-type nozzle with very high injection pressure, to produce a spray of fine droplets. The spray characteristics are crucial, since they determine the evaporation and mixing processes before combustion. In the nozzle holes, the flow is strongly accelerated and the pressure may drop down to the fuel vapor pressure, leading to cavitation.
Cavitation is generally regarded as a source of problems: noise, vibrations, efficiency loss and damage. In the case of fuel injection in particular, it leads to a limitation of the flow rate. However, cavitation offers some advantages by preventing nozzles from fouling and possibly enhancing atomization processes.
Cavitation in a diesel nozzle has been studied in the early work of Bergwerk (1959) . In this paper, vapor cavities have been observed in transparent and upscaled nozzles. In (Nurick 1976 ) the development of cavitation has been observed in sharp-edged orifices. Nurick proposed a one-dimensional model to describe cavitation inception and development as a function of two dimensionless parameters (the cavitation number and the discharge coefficient). In the same paper, the great influence of the orifice entrance geometry on cavitation is pointed out. The influence of geometric parameters, as the entrance radius (Soteriou et al. 1995; Schmidt et al. 1997; Winklhofer et al. 2001) or the orifice taper (Winklhofer et al. 2003; Payri et al. 2005) have been later confirmed experimentally and numerically. An effect of roughness at orifice wall and orifice inlet has been also considered (Jung et al. 2008; Chang et al. 2006; Winklhofer et al. 2003) . These studies have shown that very weak variations in the orifice geometry could have a disproportionate influence on cavitation. A perfect control of the geometry and surface conditions is then suitable to study nozzle cavitation experimentally, especially when comparisons with Computational Fluid Dynamics are concerned.
Experimental study of nozzle cavitation in real conditions is difficult. Direct observation of such a small and fast two phase flow requires high resolutions in both space and time. The nozzles must be transparent and resist to high injection pressure and chocks caused by the needle lift. As a consequence, only a few experimental studies have been done in realistic conditions (Badock, 1999) while most of them have been conducted on simplified geometries: up-scaled nozzles, lower pressure and velocities... In the present paper, cavitation is studied in a quasi-two dimensional orifice (channel), in permanent flow condition (without needle lift) and lower pressure levels than those currently used in real injectors.
Such a simplification has been already adopted in previous works (Roosen 2007; Winklhofer et al. 2001) . It provides several advantages in terms of optical access and image interpretation, notably. In this paper, we also take advantage of the 2D geometry to control and characterize the channel geometry and surface roughness.
Experimental results obtained in this simplified geometry, with simplified working conditions, cannot be directly transferred to real diesel injectors.
However, these simplifications allow to obtain high quality images of the flow and quantitative information to be used as a reference for Computational Fluid Dynamics (CFD) results and the cavitation models involved. In addition, such a simplified experimental set-up is suitable to study the physical mechanisms involved (cavitation inception and development, bubble collapse, …) to enhance our general understanding of nozzle cavitation. The channel flow is visualized as a function of the pressure drop, by using a shadowgraph-like technique, the Schlieren method and interferometric imaging. We pay a special attention to images interpretation and to the inception of cavitation, by confronting results obtained with the three different techniques.
The paper is organized as follows. In Section 2, the apparatus set-up used to generate and control the channel flow is presented. Section 3 provides the general features of cavitation in channel flows. In Section 4, the principles of shadowgraph is recalled and the shadowgraph-like optical arrangement proposed in this paper is presented. Images of the flow obtained with this arrangement are then discussed, as a function of the pressure drop. A particular attention is paid to cavitation inception and to qualitative information on density gradients, provided by shadowgraph effect. Section 5 is dedicated to the Schlieren method. The basic features of the technique are recalled and density profiles are deduced from the Schlieren images by integration. In section 6, an interferometric imaging arrangement is presented. Unlike the previous technique, it provides quantitative information on the channel flow density. Density fields are deduced from the interferometric images by taking advantage of qualitative information provided by the Schlieren method. Section 7 is a discussion based on the three techniques results. Density fields, density gradients and shadowgraph-like images are discussed together to further detail the shadowgraph-like images interpretation, to discuss the mechanism of cavitation inception, and to study the bubble detachments and the pressure waves appearing in these images.
Experimental set-up
The channel consists of two separated metal sheets, sandwiched between a pair of glass windows (Fig. 1) . The channel is continuously supplied with fuel (test oil SHELL V-Oel-1404, ISO 4113) by a volumetric pump, through holes directly drilled into the glass windows. A by-pass and valves allow one to set the flow rate in the channel, as well as upstream and downstream pressures. The temperature is regulated by using a heat exchanger and the fuel is filtered before returning in a tank at atmospheric pressure. A flow meter temperature and pressure sensors are used to measure the flow conditions. The use of separated metal sheets allows a better control of the channel geometry and surface roughness. Fig. 2 shows Scanning Electron Microscope (SEM) images of the channel. Fig. 2a shows the whole channel The inserts (Fig. 2b to   fig.2e ) focus on the channel entrance with tilted and non-tilted views of the lower and upper entrance corners). The channel is about 400 µm height (exact dimensions are reported in Fig. 2a ) and 1475 µm long, with a weak taper of about 0.4°. The channel depth is L=2 mm. The surfaces constituting the channel walls have been mirror-polished. Surface roughness has been characterized with an optical profilometer, by an arithmetic mean roughness Ra < 0.1 µm. At the channel entrance corners, the rounding is evaluated to be less than 10 µm. Three optical techniques have been used to visualize the channel flow: a shadowgraph-like technique, the Schlieren method and an interferometric imaging technique. The corresponding setups will be introduced later in the paper. The following section is dedicated to the presentation of the general features of the channel flow. . In the following, the upstream pressure P A will remain constant, while pressure drop and flow rate will be increased by decreasing the downstream pressure P B . At the orifice inlet, the strong change in cross section and flow direction induces a separation of the boundary layers from the orifice walls and the formation of a vena contracta.
General features
Recirculation zones appear between the walls and the main flow which undergoes a supplementary contraction in the central part of the channel. A one-dimensional model is proposed by Nurick (1976) to account for the cavitation in nozzle flow. This simple model is based on two dimensionless parameters: the discharge coefficient and the cavitation number. The discharge coefficient is defined as the ratio between the actual mass flow rate m & and the theoretical mass flow rate, given the pressure drop P ∆ and the orifice section 0 S .
More precisely,
where ρ is the fluid density.
The cavitation number is defined by Nurick (1976) as the ratio
where v P is the vapor pressure of the fluid. K decreases with decreasing B P (increasing P ∆ ) and cavitation occurs at low value of K (typically lower than 2).
Starting with low pressure drop P ∆ , the mass flow rate increases when B P decreases and the pressure C P , at the minimum section of the contracted flow, decreases. Following Nurick model, cavitation incepts in the orifice when C P reaches the vapor pressure. The flow rate then reaches a maximum value and remains constant for further decreasing of B P :
where C S is the contracted flow section in C. Under this choked flow condition (K < K crit ), the discharge coefficient can be related to the contraction coefficient:
by
Still following Nurick (1976) : for
, the flow is two-phase, the flow rate is chocked and the discharge coefficient is proportional to the square root of cavitation number; for
, the flow remains single-phase and the discharge coefficient is almost constant at about 0.8. 
Shadowgraph-like imaging
Almost all the observations of cavitating flows in nozzles are based on shadowgraph or backlight imaging configuration. Strictly speaking, shadowgraph is a density sensitive technique, based on a back illumination and an appropriate defocusing. By extension, the term shadowgraph is often misused to describe more general types of backlight images. In this paper, backlit images that are sensitive to density gradient are presented, but the set-up differs somewhat from the standard shadowgraph, as described by Merzkirch (1974) for example.
The principle of the standard shadowgraph technique
Before introducing our optical arrangement in details, let us recall the main feature of the shadowgraph technique. Fig. 5 
where integration is done along the ray trajectory through D.
In plane O, the ray displacement x ∆ is roughly proportional to l and to angle x ε .
Considering all the rays which contribute to image formation, displacements x ∆ (and equivalent displacements y ∆ along y direction) lead to a redistribution of light intensity in plane O (and consequently in image plane) which depends on the refractive index n variations in the disturbed medium. Under the assumption of infinitesimal deviation previously introduced, the relative change in recorded intensity with respect to the undisturbed intensity can be approximated by
Assuming a 2D flow and still assuming infinitesimal ray displacements in D,
Shadowgraph intensity distribution is then roughly proportional to the second derivative of the refractive index, to the depth L of the disturbed medium and to the distance l . In principle l can be adjusted to enhance or reduce the sensitivity of the technique to small density variations.
In principle, Eq. (8) can be integrated to obtain the refractive index (or the density) distribution in the medium. In practice, shadowgraph only provides qualitative information on flow density. Firstly, the technique is highly sensitive to any source of noise, as a double integration is required to obtain the density field. Secondly, the calibration of the technique appears to be a very difficult task as samples with a well-known second derivative of the refractive index must be used. 
Shadowgraph-like arrangement
In the shadowgraph-like configuration considered in this paper, the light source and the camera are located on opposite sides of the channel (Fig. 6 ). However, it differs from the standard shadowgraph arrangement described above as the camera lens is focused onto the channel flow, in order to visualize bubbles and vapor cavity as usually done in backlit imaging. Backlit imaging is based on ray deflection by interfaces. Assuming that interfaces are never perfectly flat and oriented perpendicularly to the incident rays, most of rays crossing an interface are deviated with an angle greater than the collection angle, whatever they are reflected or refracted through the interface. As a consequence, bubbles and vapor cavities appear dark in the image. On the contrary, liquid regions would appear bright, as (in absence of density gradient) they do not induce any ray deviation. In the present case however, density gradients and the channel depth L are large enough to produce visible shadowgraph effect, as shown later in this section ( Fig. 8 and 9 ).
The shadowgraph-like arrangement can be viewed as a backlit imaging arrangement which is sensitive to density gradient. Due to the very small size of the channel, the use of a large optical magnification is required. With flow velocities up to 70 m.s -1 , an extremely short light pulse is needed to optically freeze the flow. In addition, an incoherent light source is suitable to avoid speckle on the images. To fulfill these requirements, a light source is generated by focusing the second harmonic of a Nd:YAG pulsed laser (wavelength λ YAG = 532 nm and pulse duration of 6 ns) on a fluorescing polymethyl-methacrylate (PMMA) sheet. The fluorescence emission is collimated and the remaining laser light is filtered by using a band reject filter (Notch filter λ N = 533 ± 8 nm). A dual head laser is used to produce time delayed light pulses with 12 ns duration (FWHM) and a broad spectrum (about 100 nm) centered on λ F = 592 nm (Fig. 7) .
The time delay between the two pulses is adjustable, down to about 30 ns. Images are recorded by means of an optical zoom (OPTEM 125C), at low repetition rate (1Hz), on a 2048 x 2048 pixels, 10-bit CCD camera. The resulting resolution is 1.15 µm/px. Using the double-frame mode of the camera and the dual pulse system, couples of images separated by 285 ns have been recorded. The arrangement then allows the tracking of rapid events, as bubble collapses (section 7) or the production of velocity information, which is not detailed in this paper. in the shadowgraph-like configuration previously described. In this raw image, the channel walls, the vapor cavities and the bubbles appear in black, when the liquid is essentially bright, as it should be in backlit imaging. However, grey structures are also visible in the image, as a result of a shadowgraph effect. Fig. 8 also displays a background image ( Fig. 8b ) and the computation of the quantity I I ∆ (Fig.8c) , previously introduced in Eq. (7) and Eq. (8). I is the raw image intensity and I ∆ is the relative change with respect to the undisturbed intensity, i.e.
where b I is the background image intensity. approximately corresponds to the same density variation than a pressure increase of 10 bar. In the present case, the origin of the density gradients is more ambiguous, as pressure gradients can become very large with increasing pressure drop. For P ∆ = 4.5 bar (Fig. 9a) , the density gradients in the shear layers are probably associated to both a pressure gradient between the main flow and the recirculation zone, and a temperature gradient. The image also reveals some streamlines, which probably originate from a thermal marking of the flow, far upstream from the channel. This effect completely disappears at higher pressure drop (higher velocity) in the following images. At the channel outlet, we also suspect that both temperature and pressure gradient are involved. The temperature gradient would be due to viscous heating near the walls, in the boundary layer all along the channel. The pressure gradient would be associated to the pressure difference between the out-going jet and the downstream chamber.
For a larger pressure drop P ∆ = 15.8 bar (Fig. 9b) , the density gradients in the shear layers appear more contrasted as the pressure difference between the recirculation zones and the main flow has increased. The gradients remain smooth and regular in the beginning of the shear layers (near the inlet corners) but they reveal developing instabilities at their end. Still in Fig. 9b , grey level random-like variations appear in the wake of the recirculation zones. These structures are developing from the walls to the center of the flow where they join together, about the middle of the channel. We interpret this structure as a signature of turbulence and associated density (pressure) fluctuations. is not obvious because dark zones can be due to liquid-vapor interfaces or to density gradients. In Fig. 9c , it seems that cavitation incepts in the shear layer, relatively far from the inlet corner, where the lowest pressures are expected in average. Further in this paper, we will propose a scenario of cavitation inception in the shear layer, based on the results provided by the three optical techniques presented in this paper. In the lower shear layer of Fig. 9c , it seems that cavitation
has not yet incepted. Here, the shear layer appears shortened with respect to the previous images as it seems that instabilities described in Fig. 9b develop more intensively and sooner (closer to the channel inlet) for increasing pressure drop.
This apparent asymmetry between upper and lower part of the channel is probably due to a weak asymmetry in the channel inlet geometry.
For increasing pressure drop, the vapor cavities develop. They develop first in the upper shear layer (Fig. 9d) , then in both upper and lower shear layers (Fig. 9e) . As shadowgraph-like images are sensitive to density gradients, they could be used, in principle, to measure the flow density. However, our attempts to reconstruct density fields have failed and there are several reasons for that. As previously mentioned, such a reconstruction requires a double integration. In addition, calibration targets would be necessary to obtain reliable quantitative information. Finally, and this is probably the main reason of our failure, Eq. (7) is not valid as the assumption of infinitesimal displacement is not satisfied. Eq (7) predicts that the shadowgraph effects are proportional to the distance l and completely vanish for l=0. We then tried to adjust the distance l (by displacing the channel by means of a linear translation stage) in order to reduce the shadowgraph effects. We found that these effects were still visible, with contrast in the same order of magnitude, whatever the value of l. It is then clear that Eq. (7) is not satisfied. The shadowgraph-like technique presented here cannot be used to obtain quantitative information on density fields. It is limited to provide qualitative information on density gradients.
Schlieren imaging method
The Schlieren method is an alternative technique to standard shadowgraph to measure density gradients. It is, in principle, sensitive to the first space derivative of the density along one direction. The technique differs from shadowgraph which requires a defocusing. In the Fourier plane, the knife edge cuts off a part of the point source image, which is located on the optical axis, in absence of perturbation (see (a) in Fig. 12 ). In the presence of refractive index (density) gradients in the test section, optical rays are deflected. Depending on the gradient sign, the light source image associated to the ray is moved upward or downward with respect to the undisturbed case (see (b) in 
Principle of the Schlieren method
where f is the focal length of the Schlieren head and a is the width of the point source image in direction perpendicular to the knife edge. In Eq. (9), i x stands for x in case of a horizontal knife edge (as considered in Fig. 12 ) and it stands for y in case of a vertical knife edge. Assuming a 2D flow and still assuming infinitesimal
The Schlieren method is then sensitive to the first derivative of the refractive index, perpendicularly to the knife edge. Note that under the assuming assumptions, it is not sensitive to ray displacement (shadowgraph effect), because images are focused onto the test section. In our case however, based on our experience with our shadowgraph-like configuration, sensitivity to the second derivative is expected in both directions, and parallel to the knife edge in particular. In the following, Eq. (10) will be however integrated to obtain qualitative information on the density fields that we expect to be more reliable, or at least complementary, with shadowgraph-like results. 
Schlieren method with a vertical knife edge
The knife edge is first placed vertically to obtain density information along horizontal direction (y coordinate). The integrated profiles are very sensitive to any shift of intensity profiles, i.e. to the zero intensity definition. As a consequence, integration has been done under constraint, by forcing the density evolution to be null in the zone (A) delimited by the vertical dashed lines in the figure, near the channel exit. Note that this assumption is not exact as the pressure would decrease slowly in this region. We however assume that this decrease is negligible compared to the total pressure decrease in the channel. Further in this paper, the density fields obtained from interferometric imaging will confirm this assumption, with pressure variations lower than 1 bar in this specific region.
We estimate that the density profiles deduced from Schlieren images are not quantitatively reliable because the validity of Eq. (10) and underlying assumptions are questionable, because integrations are done under constraint and because no calibration has been done. We however assume that integrated profiles provide the general features of the flow density evolution along the channel centerline. These density evolutions will be helpful in the next section to interpret interferometric images and produce density fields of the channel flow.
The three techniques presented here are sensitive to density variations. It is not possible, in principle, to attribute this variation to a temperature change or a pressure change. However, one of the contributions can be sometime reasonably neglected compared to the other. In the present case, the density increase is about 6.5 10 -2 kg.m -3 for 1 bar pressure increase, and about -7.1 10 -1 kg.m -3 for 1K temperature decrease. A 1K temperature decrease then produce the same effect on density than a 10.9 bar pressure increase. The global temperature elevation in the channel can be estimated following the work by Morini (2005) , for a laminar flow with an adiabatic walls boundary condition. Temperature elevations of about 2 10 -2 K and 2.5 10 -2 K are found for the conditions of Fig. 13a and Fig. 13b respectively. With Reynolds number in the order of 10 4 , the laminar flow assumption is not satisfied. However, assuming that the order of magnitude of these estimations is correct, the temperature effect on density would be equivalent to a pressure variation in the order of 0.2 bar, that is to say in the order of 1% of the pressure drop. The estimation of temperature increase given in (Morini, 2005) is global, that is to say, integrated over the whole channel section. One can suspect that the temperature profile in the channel section is not flat and that the temperature increase is greater in the boundary layers, near the walls, than in the centerline of the channel. Then, density variations deduced in Fig. 13 can be interpreted as pressure variations by neglecting temperature effect. 
Schlieren method with a horizontal knife edge
Using a horizontal knife edge, Schlieren method provides information on horizontal density gradient (along x coordinate). identified for cavitation inception (see Fig. 11 and associated comments in previous section). However, we also assume that the effect of this asymmetry on pressure fields can be neglected. This assumption will be confirmed in the next section, with the pressure fields deduced from interferometric images. In Fig. 14a , the flow symmetry at channel inlet is clearly visible in the image as the positive gradient in the upper shear layer appears dark and the negative gradient in the lower layer is bright. The integrated profile shows an increase of density from the recirculation zones to the center of the channel, with density gradient located in the shear layers. The density evolution along this profile is then essentially associated to a pressure evolution. In Fig. 14b and 14c , for greater pressure drops ∆P = 15.7 bar and ∆P = 24.6 bar respectively, the density profiles are similar but the pressure difference between the recirculation zones and the main flow increases. We note however that the apparent symmetry in images is broken. The lower shear layer remains essentially enlightened in Fig. 14b and Fig. 14c but it shows a dark line at its center. No equivalent bright line appears in the upper shear layer which remains completely dark. Such dark lines could be misinterpreted as vapor cavities but the pressure drop is much lower here (∆P = 15.7 bar in Fig. 14b ) than the pressure drop for which cavitation inception has been observed (∆P > 25 bar) in shadowgraph-like images (Figs. 9 and 10 ). This dark line is due to a reversing of the Schlieren intensity that will be discussed later in this section (limit angle of deviation in Schlieren technique). Fig. 14c , the integrated profile at channel inlet is strongly affected by this effect.
Intensity profiles in a cross-section of the out-going jet are also plotted on the right side of Fig. 14. The associated density profiles are obtained by integration under the constraint of equal densities at both end points, that is to says, assuming the same density above and below the jet in the downstream chamber. For ∆P = 7.8 bar, the density profile shows negative peaks at the jet boundaries. Such a density variation in the out-going jet can be explained as the consequence of both temperature and pressure evolution. The density slowly decreases with pressure form the jet center to the edges. At the jet boundaries, it undergoes a supplementary decrease associated to an increase of temperature due to flow heating near the walls, all along the channel. The temperature increase previously estimated for the whole channel section was very weak (in the order of 10 -2 K).
From the Schlieren results, it seems that the temperature increase is essentially located near the channel walls, and in the wake these walls downstream the channel. The local temperature increase would be high enough to be visible on Schlieren images. An order of magnitude of these temperature increases will be provided further in the paper with density maps deduced from interferometric images. At the right side of Fig. 14b and 14c (for pressure drops ∆P = 15.7 bar and ∆P = 24.6 bar respectively), the density profiles at the jet boundaries are dominated by the pressure decrease. However, an additional effect of temperature increase is likely to remain, as suggested by the aspect of the density profile on the right side of Fig. 14c , in the lower jet boundary. 
Limit angle of deviation in Schlieren technique
The dark lines observed in the lower shear layers in To underpin this interpretation, the density gradient and associated deviation angle can be estimated from the density maps to be introduced in the next section, and compared to the collection angle of the optical set-up. The dark line observed in the lower shear layer of Fig. 14b first appears for a lower pressure drop ∆P = 9.8 bar. In Fig. 15b , the beginning of the shear layer appears dark. Further from the inlet corner, where density gradients are smaller, the shear layer is still bright. In the middle of the shear layer, near about the dashed line of Fig. 15b , the Schlieren intensity is nearly equal to the undisturbed intensity. Then, the ray deviations at this point should be nearly equal to the collection angle of the Schlieren set-up. Fig. 15c shows the density map for approximately the same pressure drop (9.7 bar) than Fig. 15b (9.8 bar). From this map, the maximum pressure gradient along the dashed line is estimated to be between 1.5 and 2 bar.µm -1 . The associated ray deviation angle can be easily estimated from Eq.
(6) which provides the ray deviation x ε at the channel exit, in liquid. In air, after passing through the glass window, the deviation angle is nearly equal to
Assuming a 2D flow, Eq. (6) then leads to
Knowing the resolution of the Schlieren imaging system (1.58 µm/px), and the relation between refractive index and pressure, the estimated deviation angle ranges from 5.2° to 6.9°. This estimation, perfectly agrees with the collection angle of the Schlieren imaging system, which is about 6°.
As well as for shadowgraph-like images, the interpretation of Schlieren images is not obvious. Dark zones are not systematically produced by the presence of vapor or by negative gradients but it can be due to an excessive positive density gradient. More generally, the Schlieren method provides general trends on the channel flow density but the reliability of the results is clearly questionable, especially for large density gradients. Another technique is then needed to obtain reliable and quantitative information on density fields. Schlieren image with horizontal knife edge for ∆P = 9.8 bar (b) and pressure map deduced for interferometric imaging for pressure drop ∆P = 9.7 bar (c).
Imaging interferometry
Unlike the two imaging methods previously introduced, imaging interferometry is not sensitive to optical ray deviation. It is based on ray retardation (phase shift) measurement and it is then directly sensitive to density (or refractive index) rather than to its first or second derivative. Our interferometric arrangement is shown in (Fig. 17a-17e ). These images show a fringe pattern which depends on the density fields. Optical rays traveling through the channel flow are phase shifted, depending on the refractive index (or flow density). In association to the reference beam, these phase shifts lead to constructive or destructive interferences. The succession of bright and dark fringes in Fig. 17a-17e is then a signature of density evolution throughout the channel: at the channel inlet where pressure decreases fast, in the recirculation zones (for the lower pressure drops) and at the channel outlet. For increasing pressure drop, from Fig. 17a to Fig. 17e , the distance between fringes decreases throughout the channel, as density gradients increases in all parts of the flow. In interferometric images, channel walls appear in grey, as the reference beam contributes alone to images in these areas. Similarly, vapor cavities appear in grey in Fig. 17c to 17e. conditions (P = 1 bar and T = 20°C). The refractive index has been measured by using a refractometer (NAR-1T). The density has been deduced from density measurement (Ndiaye et al, 2011) as a function of temperature in the range 10-130°C and pressure in the range 1-1400 bar. In the paper conditions (temperature T = 32°C and pressure P ranging from 0 to 50 bar), the density increases almost linearly with refractive index. The refractive index change n δ between a bright and a dark fringe in the interferometric images is then associated to a density change ρ δ =2.0 10 -1 kg.m -3 . If a constant temperature assumption is assumed, the refractive index change n δ can be associated to a pressure change P δ which depends weakly on P but is almost equal to 3 bar in the range 0-50 bar.
In principle, density fields can be deduced from imaging interferometry, from a known density condition (upstream for example) and counting the number of fringes. However, such a construction is difficult in practice as the sign of the change is unknown. In other words, the density change between a dark and a bright fringe can be interpreted as an increase of ρ δ
The results obtained with the Schlieren method can be used to solve this indeterminacy and carefully reconstruct the density maps shown in Fig. 17f-17j . Fig. 17a and 17f) , the density decrease due to viscous heating is taken into account. In this case, the back pressure is retrieved with deviation lower than P δ (one fringe). For the greater pressure drops, the temperature effect at jet boundaries was not clear in Schlieren results. However, the density at the jet boundaries must decrease under the downstream chamber density to retrieve the accurate back pressure. The density drop at the jet boundaries is in the order of 0.1 kg.m -3 (lower or equal to ρ δ =0.2 kg.m -3 ), corresponding to a temperature increases of about 0.15 K. From these results, the temperature profiles in the outgoing jet are not flat, with a global temperature increase previously evaluated using (Morini, 2005) in the order of 10 -2 K but a temperature increase, near the walls, ten times greater. In the recirculation zones, the density can be found following path (2) of Fig. 18 , directly through the shear layers, but only for the lowest pressure drops (Fig. 17a and 17f ). For greater pressure drops (Fig. 17b-17c) , the density gradients in the shear layers become higher, the fringes get closer to each other and cannot be separated anymore. The path (3) of Fig. 18 is then used in these conditions to build the density field in the recirculation zone. Figure 18 : Schematic of the paths followed to build density field from interferometric images.
In Fig. 17f-17j , the pressure evolutions along the channel centerline show the same features than the pressure curves deduced from Schlieren technique in Fig. 13 . For all the pressure drop conditions, the pressure decreases rapidly at the channel inlet, it reaches a minimum, it increases again to reach a local maximum and then decreases slowly until the channel outlet. The minimum pressure point is located about the minimum section imposed by the flow contraction or the vapor cavities. It slowly moves toward the channel exit as the pressure drop increases from Fig. 17f to Fig. 17j . The minimum pressure value decreases with increasing pressure drop, as expected from the one-dimensional model introduced in section 3. However, even in choked flow condition (Fig. 17j) , this pressure remains much greater than the vapor pressure.
Discussion
In the previous section, three different optical techniques have been presented.
The results have been partly discussed by considering the techniques one by one.
In this section, we will further discuss our observations, based on comparisons between the three techniques results.
Cavitation inception
In the pressure field shown in Fig. 17h , for ∆P = 25.7 bar, the lower pressure The detection of cavitation inception in the shear layer is based on distinction between density gradient and bubbles or vapor cavity in shadowgraph-like images. In these images, intensity variations produced by density gradients are roughly proportional to the second derivative of the density. As a consequence, in shadowgraph images, dark zones are generally associated to bright zones, as illustrated in Fig. 19 which provides examples of density profile and corresponding first and second derivatives. Fig. 9c , the right side of the upper shear layer (A, near the inlet corner) can be interpreted as an increase of density from the recirculation zone to the main flow, as the intensity distribution is similar to the scheme 1c of Fig. 19 . In addition, the intensity profile at this location remains almost similar at this pressure drop condition (∆P = 25.7 bar) than at lower pressure drop in non-cavitating condition (Fig. 9b for ∆P = 15.8 bar). On the contrary, on the left side of the shear layer (B) in Fig. 9c , the cloud-like shape dark zone has no bright boundary and must be interpreted as a bubble cloud.
Note that the schematics of Fig. 19 can also be used to underpin some interpretation previously given in section 4, as it provides a way to qualitatively distinguish simple increase of density from density peak. 
Pressure waves and bubble collapse
Previously in this paper pressure waves have been observed in shadowgraph-like images of the channel flow. These pressure waves likely result from bubble collapse under the effect of an increase of pressure. These pressure waves are spherical and not quasi-2D, like most of the density gradients considered earlier in the paper. However, optical rays crossing the edge of the spherical waves, along a short chord, are actually deviated, resulting in a shadowgraph effect, as well as for the 2D gradients. Fig. 20 shows a couple of shadowgraph-like images, recorded with a time delay of 285 ns. Several pressure waves can be observed in both images. However, these waves propagate too fast to enable the observation of the same wave in both images at this scale. On the contrary, the same detached vapor structure, probably composed of several bubbles, appears in both images, in the wake the main vapor cavity. Its displacement from Fig. 20a to Fig. 20b is about 16 µm (14 pixels), leading to a velocity of about 56 m.s -1 . The apparent volume of the detached structure clearly reduces from Fig. 20a to Fig. 20b , likely due to its partial collapse. In the same time, a pressure wave is visible in Fig. 20b . It is more contrasted than the others waves and it is centered on the vapor structure which has partially collapse, supporting our interpretation. 
Bubble detachment
In shadowgraph-like images, bubbles have been observed in the wake of vapor cavities. As previously discussed, bubbles likely collapse when they move to a zone of higher pressure, leading to a pressure wave occurrence. However, some bubble detachments are observed in high pressure zones. 
Instabilities and cavitation inception in shear layers
Section 4, instabilities have been identified in shadowgraph-like images, in the shear layers, at channel inlet. These instabilities are also visible in Schlieren images, especially when the knife edge is placed vertically as shown in Fig. 22 .
Instabilities develop with increasing pressure drop and produce vortices in the shear layer. In the Schlieren images, horizontal pressure gradients associated to these vortices appear as a succession of dark and bright spots, in the shear layer, relatively far from the inlet corner. For the lowest pressure drop, these intensity profiles are similar to the scheme 2b of Fig. 19 , corresponding to negative pressure peaks, similar to the scheme 2a of the same figure, at the vortices center.
For the lowest pressure drop, the pressure difference associated to vortices can be roughly estimated. To do so, the Schlieren intensity profiles of Fig. 13 are compared to the profiles obtain from the pressure maps of Fig. 17 . A pseudocalibration of the Schlieren images is then obtained and the pressure difference associated to vortices can be estimated to be about 1.5 bar in Fig. 22a (for P ∆ = 7.8 bar) and to be about 2 bar in Fig. 22b (for P ∆ = 9.8 bar). For increasing pressure drop (Figs. 22c-22j ), the dark spots become larger and closer to the channel inlet, as the pressure drop in vortices is amplified. Unfortunately, any estimation of these pressure drops becomes hazardous, for several reasons.
First, dark spots are rapidly saturated (from Fig. 22c ) as their intensity reaches zero (camera reading noise). For the largest pressure drops, the bright peaks intensity reversed as the deviation angle reaches the limit imposed by the collection optic, as previously detailed in case of horizontal knife edge. Next, Schlieren method is supposed to be sensitive to horizontal density gradients (with the vertical knife edge adopted here) but a shadowgraph effect along the perpendicular direction likely distorts the analysis. This effect is not negligible in the shear layers, where vertical pressure gradients increase with increasing pressure drop. Finally, we think that the 2D flow assumption is questionable in this particular location, especially for the largest pressure drops, just before cavitation inception.
A quantification of the density fields based on Schlieren images is hazardous but it is obvious from 
Conclusion
Visualizations of a quasi-2D channel flow have been carried out as a function the pressure drop by using three different optical techniques. Shadowgraph-like imaging provides information on the presence of vapor cavities and bubbles in the channel. It also provides qualitative information on density gradients, leading to difficulties in image interpretation. A Schlieren technique has been used to provide more reliable information on density gradients. For relatively low pressure drops, this technique has provided the general features of the density field along the center line of the channel, at channel inlet and at the out-going jet boundaries. However, the technique does not allow density field reconstruction when the channel flow shows higher density gradients. Then, an interferometric imaging technique has been used to quantify the density fields. Interfereometric 
